Broccoli cultivar performance under organic and conventional management systems and implications for crop improvement by Renaud, E.N.C et al.
crop science, vol. 54, july–august 2014  www.crops.org 1539
RESEARCH
Continued growth in demand in the organic sector has spurred an increase in organic crop production area in the 
United States, with more than two million hectares in 2011 (Willer 
and Kilcher, 2012). The seed industry is challenged to satisfy the 
demands of organic agriculture, and often does not understand 
the special requirements of an unfamiliar agricultural system that 
is characterized by a greater diversity of requirements and criteria 
compared with conventional management (Mäder et al., 2002). 
Organic farms often differ substantially from nonorganic counter-
parts in the complexity of their crop rotations, number of crops, 
production area, and market outlets. Organic farmers refrain from 
using synthetically derived chemical inputs and rely largely on bio-
logical self-regulatory processes to maintain yield, leaving fewer 
tools to manage crop production environments (Messmer et al., 
2012; Wolfe et al., 2008). Thus, organic farmers need cultivars that 
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ABSTRACT
To determine if present commercial broccoli 
cultivars meet the diverse needs of organic 
management systems, such as adaptation to 
low N input, mechanical weed management, 
and no chemical pesticide use, and to propose 
the selection environments for crop improve-
ment for organic production, we compared hor-
ticultural trait performance of 23 broccoli cul-
tivars (G) under two management (M) systems 
(organic and conventional) in two regions of 
the United States (Oregon and Maine), includ-
ing spring and fall trials. In our trials, location 
and season had the largest effect on broccoli 
head weight, with Oregon outperforming Maine, 
and fall trials outperforming spring plantings. 
M main effects and G × M interactions were 
often small, but G × M × E (location and sea-
son) were large. Cultivars with both greater head 
weight and stability under conventional condi-
tions generally had high head weight and stabil-
ity under organic growing conditions, although 
there were exceptions in cultivar rank between 
management systems. Larger genotypic vari-
ances and somewhat increased error variances 
observed in organic compared with conven-
tional management systems led to repeatability 
for head weight and other horticultural traits that 
were similar or even higher in organic compared 
with conventional conditions. The ratio of cor-
related response (predicting performance under 
organic conditions when evaluated in conven-
tional conditions) to direct response (predicted 
performance in organic when evaluated under 
organic conditions) for all traits was close to but 
less than 1.0 with the exception of bead unifor-
mity. This would imply that in most cases, direct 
selection in an organic environment could result 
in a more rapid genetic gain than indirect selec-
tion in a conventional environment.
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are stable across a range of conditions, rather than varieties 
that are high yielding under optimal conditions, but prone 
to lose that yield advantage due to disease susceptibility or 
an inability to utilize available nutrients efficiently (Lam-
merts van Bueren et al., 2002).
Broccoli (Brassica oleracea var. italica Plenck), a significant 
crop in organic agriculture due to its market demand as well 
as its nutritional contribution to the U.S. diet (Verkerk et 
al., 2009), was grown on 743,088 production acres (300,717 
ha) and generated U.S. $47,629,515 in sales in 2011 (USDA 
NASS, 2012). The main conventional fresh market broccoli 
production areas in the United States are California and 
Arizona. Broccoli cultivars in the United States have 
been bred primarily for the agroclimatic requirements of 
these regions. Secondary commercial broccoli producing 
areas are Maine and Oregon, which are characteristically 
cool continental and cool Mediterranean type climates, 
respectively, and differ significantly from those of California 
and Arizona. Organic production in the United States is 
comprised of small acreages scattered across the country in 
a broad range of environments to service local and diverse 
food markets (USDA ERS, 2008; USDA NASS, 2012). 
These producers are dependent on the commercial cultivar 
assortment available that were developed predominantly 
for California and Arizona. The production environments 
for Oregon and Maine may be more representative of the 
growing conditions faced by organic growers located at 
higher latitudes on the east and west coasts.
Broccoli producers in the United States need cultivars 
that exhibit heat tolerance, head stability, and uniform 
maturation in the field, while others are seeking extended 
harvest from side-shoot development (Heather et al., 
1992; Farnham and Bjorkman, 2011a, 2011b; Myers et 
al., 2012). Some desired traits in organic management 
are shared with conventional producers, such as drought 
tolerance, insect and disease resistance, and high yield. 
Other cultivar characteristics that are more important to 
organic producers include vigorous early growth, waxy 
leaves, ability to perform in soils with potentially low or 
fluctuating nutrient mineralization rates, and the ability to 
compete with weeds (Lammerts van Bueren et al., 2002, 
2012; Lammerts van Bueren and Myers, 2012). This is 
particularly important in broccoli due to its relatively 
high N requirement and shallow fine root system, which 
limits its ability to take up water and nutrients (Pasakdee 
et al., 2006; Myers et al., 2012). Most studies investigating 
traits needed for organic farming systems have focused 
on field crops such as cereals (e.g., Murphy et al., 2007; 
Löschenberger et al., 2008; Przystalski et al., 2008; 
Wolfe et al., 2008; Annicchiarico et al., 2010; Reid et 
al., 2009, 2011; Kirk et al., 2012; Koutis et al., 2012), 
with few conducted on vegetable crops (Osman et al., 
2008; Lammerts van Bueren et al., 2012; Myers et al., 
2012). None of these studies have evaluated commercial 
cultivars of broccoli across multiple regions or seasons for 
agronomic performance under organic conditions.
Some studies comparing performance of genotypes in 
organic and conventional management systems have shown 
that for certain traits, cultivar rank varies between the 
two management systems (e.g., for winter wheat, Triticum 
aestivum L.: Murphy et al., 2007; Baresel et al., 2008; Kirk 
et al., 2012; for lentil, Lens culinaris Medik.: Vlachostergios 
and Roupakias, 2008; for maize, Zea mays L.: Goldstein 
et al., 2012), while others have shown no differences in 
ranking performance (for maize: Lorenzana and Bernardo, 
2008; for cereals: Przystalski et al., 2008; for onion, Allium 
cepa L.: Lammerts van Bueren et al., 2012). The results of 
these studies have profound implications for organic variety 
selection and breeding strategies, and raise questions as to 
the need for cultivars to be bred with broad adaptability or 
specific adaptation for the requirements of regional organic 
management. Two different outcomes have been identified. 
First, some studies showed cultivar performance varies 
between management systems with significant differences 
in ranking, and in some cases, low genetic correlations 
for lower heritability traits (e.g., Kirk et al., 2012; 
Murphy et al., 2007), resulting in the recommendation 
that cultivars intended for organic agriculture should be 
selected only under organic conditions. Second, other 
studies indicated that rankings in cultivar performance 
between management systems were similar with high 
genetic correlations, suggesting that breeding can be 
conducted under conventional conditions, with the caveat 
that advanced breeding lines can be tested under organic 
conditions for less heritable traits (e.g., Löschenberger et al., 
2008; Lorenzana and Bernardo, 2008).
The vegetable seed industry has not developed broccoli 
cultivars selected for performance in organic management 
systems. As a result, a collective of public breeders and 
organic growers have attempted to develop bioregionally 
bred broccoli cultivars for organic systems (see Northern 
Organic Vegetable Improvement Collaborative, http://
eorganic.info/NOVIC, verified 4 Apr. 2014). In the 
interim, this leaves no choice but for organic growers to 
use cultivars bred under conventional conditions for many 
crops (Lammerts van Bueren and Myers, 2012). While seeds 
of some cultivars are produced under organic conditions, 
the majority of organic producers are using conventionally 
produced and postharvest untreated seeds (Dillon and 
Hubbard, 2011). With the private sector becoming more 
interested in breeding for the organic market, many 
questions arise as to what are the highest priority traits, 
what is their heritability under variable, sometimes low-
input organic growing conditions, and what is the most 
appropriate selection environment. To better understand 
how and whether broccoli cultivars perform differently 
under organic conditions and to determine whether 
selection under organic growing conditions is necessary 
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rows of 12 plants at 46-cm equidistant spacing within and 
between rows. In 2006, only 18 of the 23 cultivar entries were 
established in the OR and ME field trials, and there were only 
two replicates in the OR organic 2006 field trial. Field trials 
were conducted during three consecutive years (2006 to 2008) 
over two growing seasons that included two fall (2006, 2007) 
and two spring trials (2007, 2008).
Field Management
The primary management differences between the organic 
and conventional field trial sites are outlined in Table 2, which 
describes the management system and regionally appropriate 
fertility application tools, and the applied supplemental irriga-
tion for the area of study. Cropping history and rotation are 
outlined per location. Mechanical and hand weed management 
were practiced for all sites. Baseline soil sampling for basic soil 
characteristics was performed as subsampling within plots, per 
trial site location before the start of each seasonal trial at the 
time of trial planting. Soils were analyzed for pH, labile (avail-
able) N (mg kg–1), and particulate organic matter (POM), a 
measure of longer-term available N taken prefertilization (N/
to service the needs of growers in diverse regions, a 
large genotype × environment × management (G × E 
× M) study with 16 field trials was established in Oregon 
and Maine to evaluate a diverse set of cultivars, trialed 
under organic and conventional management. The study 
aimed to address the following questions: (i) do currently 
available broccoli cultivars perform differently for head 
weight and other horticulture traits in organic compared 
with conventional management systems in different 
regions and different seasons; (ii) is the relative ranking 
of cultivars the same under organic and conventional 
conditions; (iii) does heritability differ for certain traits 
under organic conditions compared with conventional 
conditions; and (iv) under which growing conditions and 
in what locations would selection for broccoli cultivars for 
organic agriculture be most effective?
MATERIALS AND METHODS
Plant Materials
Twenty-three broccoli cultivars, including open pollinated 
(OP) cultivars, inbred lines, and F1 hybrids, were included in the 
field trials (Table 1). These cultivars were selected to encompass 
varietal diversity in the targeted trial regions by organic and 
conventional growers, as well as to represent diverse genotypes 
and phenotypes that differed in their year of commercial intro-
duction and the commercial seed company of origin.
Field Trial Locations
The cultivars were grown in paired organic and conven-
tional fields at two U.S. locations [Maine (ME)-Monmouth 
(44°14¢19² N, 70°2¢8² W, 61 masl); Oregon (OR)-Corvallis 
(44°33¢53² N, 123°15¢39² W; 76 masl)] in fall and spring during 
the 2006–2007 and 2007–2008 growing seasons. The paired 
organic and conventional fields within each location had simi-
lar soil types (ME: Woodbridge [coarse-loamy, mixed, active, 
mesic Aquic Dystrudepts]; OR organic: Malabon [fine, mixed, 
superactive, mesic Pachic Ultic Argixerolls], OR conventional: 
Chehalis [fine-silty, mixed, superactive, mesic Cumulic Ultic 
Haploxerolls]) and comparable climatic conditions (one grow-
ing degree day [GDD] or less between sites and negligible 
precipitation differences). In ME, both the conventional and 
organic trials were at University of Maine Cooperative Exten-
sion, Highmoor Farms Research Station, and adjacent to one 
another. The OR conventional field trials were located at the 
Oregon State University Vegetable Research Station and at a 
local organically managed commercial farm within 5 km and 
with a comparable elevation (<50 foot) for the organic field 
trials. Both organic trial sites had been managed organically 
for over 5 yr and were mature organically managed production 
systems at the onset of the study.
Field Design
Field trials consisted of the 23 broccoli cultivars arranged in a 
randomized complete block design with three replicates under 
both organic and conventional management at MN and OR 
locations during 2007–2008 growing season. An individual 
treatment plot contained 36 plants that were planted in three 
Table 1. Overview of broccoli cultivars, showing origin and 
main characteristics, included in paired organic- conventional 
field trials 2006 to 2008.
Cultivar
Abbre-
viation Origin
Cultivar 
type†
Date of 
market 
entry
Maturity 
classifi- 
cation‡
Arcadia ARC Sakata F1 1985 L
B1 10 B11 Rogers F1 1988 M
Batavia BAT Bejo F1 2001 M
Beaumont BEA Bejo F1 2003 L
Belstar BEL Bejo F1 1997 L
Diplomat DIP Sakata F1 2004 L
Early Green EGR Seeds of 
Change
OP 1985 E
Everest EVE Rogers F1 1988 E
Fiesta FIE Bejo F1 1992 L
Green Goliath GRG Burpee F1 1981 M
Green Magic GRM Sakata F1 2003 M
Gypsy GYP Sakata F1 2004 M
Imperial IMP Sakata F1 2005 L
Marathon MAR Sakata F1 1985 L
Maximo MAX Sakata F1 2004 L
Nutribud NUT Seeds of 
Change
OP 1990 E
OSU OP OSU Jim Myers, 
OSU
OP 2005 E
Packman PAC Petoseed F1 1983 E
Patriot PAT Sakata F1 1991 M
Patron PAN Sakata F1 2000 M
Premium Crop PRC Takii F1 1975 E
USVL 048 U48 Mark 
Farnham, 
USVL
inbred not 
released
L
USVL 093 U93 Mark 
Farnham, 
USVL
inbred not 
released
M
† Cultivar types: F1 = hybrid, OP = open pollinated, inbred.
‡ Maturity classification: E = early, M = mid, L = late.
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kg soil). There were no pest control applica-
tions in organic fields. In the conventional 
trials, diazinon was used for control of radish 
maggot and carbaryl (Sevin) was used for flea 
beetle control.
Weather
Weather data was collected from the two 
regional meteorological stations relative to 
the field experiments in Maine and Oregon 
to include maximum and minimum temper-
atures and precipitation per day for each trial 
duration. Across each trial period, GDDs 
were calculated by taking the average of the 
daily maximum and minimum temperatures 
minus the base temperature for broccoli 
(4.4°C; Maynard and Hochmuth, 2007).
Field Data Collection
As plots approached maturity, they were 
evaluated three times a week for broccoli 
heads that had reached commercial market 
maturity (approximately 10 to 12 cm in 
diameter for most of the cultivars, while 
retaining firmness as an indicator of matu-
rity) and were evaluated for quality traits. 
Field quality evaluations were measured on 
a 1 to 9 ordinal scale. Traits included head 
shape (1 = flat shape; 9 = high dome shape), 
head surface (1 = very uneven; 9 = smooth 
head), head color (1 = pale green; 9 = dark 
green), bead size (1 = large beads; 9 = small 
beads), bead uniformity (1 = not uniform; 9 
= excellent uniformity), plant height (mean 
measurement of height of plant from base of 
stalk to tips of leaves in centimeters), and an 
overall plot quality rating (1 = poor overall 
performance; 9 = excellent overall perfor-
mance) based on overall appearance, head 
quality, and uniformity of the entire plot. 
Five broccoli heads were trimmed to a uni-
form length of 18 cm from the crown to stalk 
at maturity. For each of the five heads, head 
weight (grams) and head diameter (centime-
ters) was measured. To determine average 
head weight, the mean was taken of the sum 
of the five individual head weight measure-
ments. Head diameter was measured and 
averaged for five randomly harvested heads 
from each plot. Hollow stem was evaluated 
on a 1-to-9 scale (1 = many hollow stems 
to 9 = no hollow stems). Maturity was mea-
sured based on days to harvest from the date 
seedlings were transplanted.
Statistical Analysis
Various linear mixed models were used for 
the analysis of trait variation. Our approach 
Ta
b
le
 2
. D
es
cr
ip
ti
o
n 
o
f 
ag
ro
n
o
m
ic
 a
n
d
 e
nv
ir
o
n
m
en
ta
l f
ac
to
rs
 o
f 
th
e 
tr
ia
l l
o
ca
ti
o
n
s 
w
it
h 
p
ai
re
d
 o
rg
an
ic
al
ly
 (O
rg
.) 
an
d
 c
o
nv
en
ti
o
n
al
ly
 (C
o
nv
.) 
m
an
ag
ed
 fi
el
d
s,
 2
0
06
 t
o
 2
0
08
.
L
o
ca
ti
o
n
S
ea
so
n 
an
d
  
ye
ar
P
la
nt
in
g
 
d
at
e
H
ar
ve
st
 
en
d
  
d
at
e
F
ie
ld
 m
an
ag
em
en
t
S
o
ils
C
lim
at
e
P
re
-
ce
ed
in
g
 
cr
o
p
O
rg
an
ic
 f
er
ti
liz
er
C
o
nv
en
ti
o
n
al
 f
er
ti
liz
er
S
u
p
p
le
m
en
-
ta
l i
rr
ig
at
io
n
p
H
g
 P
O
M
-N
/k
g
 
so
il†
A
va
ila
b
le
 N
‡
A
vg
. T
em
p
.
G
D
D
§
P
re
ci
p
i-
ta
ti
o
n¶
Ty
p
e
A
p
p
lic
a-
ti
o
n
Ty
p
e 
(N
-P
2O
5
–K
2O
)
A
p
p
lic
a-
ti
o
n
O
rg
.
C
o
nv
.
O
rg
.
C
o
nv
.
O
rg
.
C
o
nv
.
O
rg
.
C
o
nv
.
M
a
x.
M
in
.
kg
 h
a–
1
kg
 h
a–
1
 —
—
 m
m
 —
—
 
 —
 m
g 
kg
–1
 —
 
 —
—
 °
C
 —
—
 
m
m
O
re
go
n
Fa
ll 
 
20
06
28
 J
ul
y
13
 O
ct
.
le
tt
uc
e
ch
ic
ke
n 
m
an
ur
e
oa
kl
ea
f c
om
po
st
gy
ps
um
2,
50
0
22
.2
00
5,
00
0
12
–2
9
–1
0
50
4
17
0.
1
17
1.
5
6.
7
6.
1
0.
53
0.
07
1.
17
1.
22
25
.5
8.
2
17
41
48
.3
M
ai
ne
Fa
ll 
 
20
06
1 
A
ug
.
19
 O
ct
.
cu
cu
rb
its
m
an
ur
e 
co
m
po
st
26
,9
00
10
–1
0
–1
0
56
0
no
ne
no
ne
6.
7
5.
7
0.
44
0.
54
1.
43
1.
63
20
.8
10
.4
16
11
27
9.
4
O
re
go
n
S
pr
in
g 
20
07
10
 M
ay
23
 J
ul
y
le
tt
uc
e
ch
ic
ke
n 
m
an
ur
e
oa
kl
ea
f c
om
po
st
gy
ps
um
2,
50
0
22
.2
00
5,
00
0
12
–2
9
–1
0
50
4
13
1.
9
13
5.
4
6.
4
6.
5
0.
35
0.
06
1.
14
1.
48
24
.2
9.
0
16
39
35
.6
M
ai
ne
S
pr
in
g 
20
07
31
 M
ay
22
 A
ug
.
cu
cu
rb
its
m
an
ur
e 
co
m
po
st
26
,9
00
10
–1
0
–1
0
56
0
no
ne
no
ne
6.
2
5.
4
0.
48
0.
50
1.
83
1.
99
24
.8
13
.6
22
12
16
7.
6
O
re
go
n
Fa
ll 
 
20
07
7 
A
ug
.
20
 N
ov
.
le
tt
uc
e
ch
ic
ke
n 
m
an
ur
e
oa
kl
ea
f c
om
po
st
gy
ps
um
2,
50
0
22
.2
00
5,
00
0
12
–2
9
–1
0
50
4
96
.6
10
1.
6
6.
7
6.
3
0.
51
0.
16
0.
92
1.
37
20
.8
7.
9
18
23
27
4.
3
M
ai
ne
Fa
ll 
 
20
07
14
 A
ug
.
20
 N
ov
.
cu
cu
rb
its
m
an
ur
e 
co
m
po
st
26
,9
00
10
–1
0
–1
0
56
0
no
ne
no
ne
6.
2
5.
4
0.
44
0.
44
1.
16
1.
24
18
.0
7.
6
15
73
37
0.
8
O
re
go
n
S
pr
in
g 
20
08
14
 M
ay
21
 J
ul
y
le
tt
uc
e
ch
ic
ke
n 
m
an
ur
e
oa
kl
ea
f c
om
po
st
gy
ps
um
2,
50
0
22
.2
00
5,
00
0
12
–2
9
–1
0
50
4
15
7.
2
15
6.
5
6.
9
6.
4
0.
64
0.
11
1.
55
1.
75
24
.1
9.
2
15
21
35
.6
M
ai
ne
S
pr
in
g 
20
08
18
 J
un
e
10
 N
ov
.
cu
cu
rb
its
m
an
ur
e 
co
m
po
st
26
,9
00
10
–1
0
–1
0
56
0
no
ne
no
ne
6.
4
5.
5
0.
47
0.
43
1.
53
1.
53
21
.0
11
.1
30
59
58
1.
7
† 
g 
P
O
M
-N
/k
g 
so
il:
 p
ar
tic
ul
at
e 
or
ga
ni
c 
m
at
te
r, 
a 
m
ea
su
re
 o
f l
on
ge
r 
te
rm
 a
va
ila
b
le
 n
itr
og
en
 ta
ke
n 
p
re
fe
rt
ili
za
tio
n.
‡ 
A
va
ila
b
le
 N
: i
m
m
ed
ia
te
ly
 a
va
ila
b
le
 n
itr
og
en
 a
t t
im
e 
of
 tr
ia
l p
la
nt
in
g 
ta
ke
n 
p
re
fe
rt
ili
za
tio
n.
§  
G
ro
w
in
g 
d
eg
re
e 
d
ay
s 
(G
D
D
): 
av
er
ag
e 
d
ai
ly
 m
ax
im
um
 a
nd
 m
in
im
um
 te
m
p
er
at
ur
es
 a
cr
os
s 
ea
ch
 tr
ia
l p
er
io
d 
d
iv
id
ed
 b
y 
ba
se
 te
m
p
er
at
ur
e 
fo
r 
b
ro
cc
ol
i g
ro
w
th
 (4
.4
°C
).
¶
 T
ot
al
 p
re
ci
p
ita
tio
n 
d
ur
in
g 
tr
ia
l p
er
io
d 
p
er
 lo
ca
tio
n,
 s
ea
so
n 
no
t i
nc
lu
d
in
g 
irr
ig
at
io
n.
crop science, vol. 54, july–august 2014  www.crops.org 1543
For the first situation, analysis for Oregon and Maine separately, 
we omitted all terms that contain L. For the second situation, 
analysis for organic and conventional management separately, 
we omitted all terms containing M.
To calculate genotypic means across all conditions, the 
general model defined above was used, but the genotypic main 
effect was assumed to be fixed instead of random. Similarly, 
genotypic means per location and management system were 
obtained by assuming fixed genotypic main effects as well as the 
relevant environmental effects (L, M) and their interactions (G 
× L, G × M). These means were used to calculate correlations 
and for box plots and biplots (procedure dbiplot in GenStat). 
Pairwise comparisons between means were performed using 
GenStat procedure VMCOMPARISON. Correlations on the 
basis of genotypic means were referred to as genetic correlations.
To study correlations between conventional and organic 
conditions at the fine grained level of location by trialing period 
combinations, we used Spearman’s rank correlations, because 
we were especially interested in rank changes.
A further comparison of conventional and organic condi-
tions was performed by evaluating stability of performance versus 
mean performance for the set of varieties. Genotypic (in)stabilities 
under organic and conventional conditions were calculated as the 
variance for individual genotypes across all trials in the system.
Correlated Response theory (Falconer and Mackay, 1996) 
was used to assess the feasibility of selection for organic conditions 
(the target environment) under conventional conditions (the selec-
tion environment). The ratio of correlated response (for organic 
conditions using conventional conditions), CR, to direct response 
(for organic conditions in organic conditions), DR, can be used to 
decide whether it is possible to use selection under conventional 
conditions for improvement in organic systems; it was calculated 
as the product of the genetic correlation between organic and 
conventional systems (rG)and the ratio of the roots of conventional 
and organic repeatabilities (HC and HO, respectively):
= ´ CG
O
HCR
DR H
r .
Ratios smaller than 1 indicate that it is better to select under 
organic conditions when the aim is to improve the performance 
in organic conditions.
RESULTS
Partitioning of Variance Components
We fitted variance components models for all traits, where 
we report these variance components as coefficients of vari-
ation (CVs). We do not report the significance of the vari-
ance components, as almost all components were found to 
be significant by likelihood ratio tests, even for components 
that were close to zero. The information on the variation 
is best considered through the magnitude of the variance 
components and not through significance tests.
For head weight across all trials in both locations (L, 
Oregon versus Maine), we found that the environmental 
level S (four trialing periods) described the largest portion 
of the total variance (34%), followed by L with a CV of 
was comparable to that of Lorenzana and Bernardo (2008). All 
linear mixed models were fitted in GenStat 15 (VSN, 2012). 
The models can be formulated informally as:
Response =  environment + replicate within 
environment + genotype + genotype by 
environment interaction + error
More formally, we can write the general form of our mixed 
models as
y = E + R(E) + G + G × E + e,
with the individual terms in the formal model corresponding to 
those in the informal model just above it.
Depending on the analysis, the terms included in E (the 
environments) varied. For the most general analysis, E contained 
all main effects and interactions of Season (S), Location (L), and 
Management (M). Thus, in that case, E = S + L + S × L + M + 
S × M + L × M + S × L × M and G × E = G × S + G × L + G 
× S × L + G × M + G × S × M + G × L × M + G × S × L × M, 
where the combination of S, L, and M defined individual trials. 
The term S (Season) contained a combination of year (2006, 
2007, 2008) and season within year (spring, fall). Effectively, 
there were only four year by season within year combinations 
included: fall 2006, spring 2007, fall 2007, spring 2008). For 
convenience, in our general model, we fitted one factor (S) to 
cover the four trialing periods. However, other model formula-
tions are possible. For example, we can define a factor Year (Y) 
with two levels (Level 1 = Fall 2006 + Spring 2007; Level 2 = 
Fall 2007 + Spring 2008) and factor S with two levels (spring, 
fall). The main effects of these factors Y and S plus their interac-
tion covers the same variation as the original factor S with four 
levels. We used this second formulation in analysis per location 
to obtain a more fine-grained interpretation of the variation.
All terms were assumed to be normally distributed with a 
proper variance. For ease of interpretation and to allow straight-
forward comparisons between traits, the variance components 
were reported as coefficients of variation, which is standard 
deviations as a percentage of the trait mean, that is,
= 100 VCV
x
,
with V the variance for a particular model term, and x  the trait 
mean. Repeatability (analogous to broad-sense heritability, but 
for unrelated genotypes) was calculated from the variance com-
ponents as:
H = V G/(VG + VGL/nL + VGS/nS + VGM/nM  
+ VGLS/(nL ´ nS) + VGLM/(nL ´ nM) + VGSM/
(nS ´ nM) + VGLSM/[nL ´ nS ´ nM) + Ve/(nL  
´ nS ´ nM ´ nR)],
where the variance components correspond to the terms in the 
mixed model above. The terms nL, nS, nM, and nR represent 
the number of locations (2, Maine and Oregon), seasons (4, Fall 
2006, Spring 2007, Fall 2007, Spring 2008), management (2, 
organic and conventional), and replicates (2 or 3), respectively.
The above model and repeatability was simplified when 
performing analyses per location, or per management regime. 
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18% (Table 3). Management system (organic versus con-
ventional) main effect was small (<2%), but the three-way 
interaction (L × S × M) had a CV of about 11%. Genotype 
main effect was 13%, and G interactions with L and S (14 
and 9%, respectively), were larger sources of variation for 
head weight than G × M at 4%. The CV for the four-way 
interaction G × L × S × M was 11%. This large interac-
tion was due to trial specific effects, because attempts to 
reduce the complexity of this interaction by ignoring years 
(so focusing on spring versus fall) or ignoring season within 
year (so focusing on year itself ) failed (results not shown).
For days to maturity, the L × S interaction accounted 
for the largest source of variation (23%), followed by L and 
G main effects of 10 and 7%, and the three-way interac-
tion G × L × S (8%). The M main effect and its interaction 
with G was absent (0%), and other two- and three-way 
interactions were small. The largest source of variation for 
bead size was G, as well as three- and four-way interac-
tions (G × L × S and G × L × S × M). There was no L 
main effect for this trait. For the overall quality rating, 
sources of variation were distributed among G and L main 
effects and G, L, and S interactions. For eight of 11 traits 
analyzed, the contribution of variation described by four-
way interactions compared with other interaction terms 
in the model was relatively large. For this reason, we per-
formed a partitioning of variance component analysis at 
each location and season within location to analyze the 
contribution of management system to variation at these 
trial levels (data not shown).
We performed variance components analyses for the 
separate locations Maine and Oregon to more closely 
examine the partitioning of the variation conditional on 
location. At the trial location level (Maine and Oregon), the 
partitioning of variance for head weight showed the same 
pattern as across all trials; trialing period was important, as 
S contributed to the largest source of variation, followed by 
Y × S interactions (data not shown). For other traits such 
as bead size, again trialing period effects as S and Y effects 
were most important. For maturity, the Y effect in Maine 
accounted for the largest source of variation, but not in 
Oregon. With the higher means for head weight in Oregon 
(347 g) compared with Maine (261 g), the genotypic effect 
for most traits was larger in Oregon compared with Maine. 
As with the overall analysis, the M main effect was zero or 
small. Among M interactions, the largest source of varia-
tion was associated with G × Y × S × M in both Maine and 
Oregon, with variances generally larger in Oregon (data not 
shown). When trials were analyzed by S and L separately, 
M main effect was also not significant for head weight and 
most traits; only in Maine Fall did the M have a large effect 
on plant height (data not shown). When trials were ana-
lyzed at the paired trial level per L, S, and Y level, we found 
that the G × M interaction was often significant (53 of 72 
interactions [74%] for nine traits ´ eight environments). 
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For head weight, seven of eight trials showed significant G 
× M interaction, while all additional traits also showed sig-
nificance in G × M interaction in five to seven of the eight 
trial combinations (data not shown).
Comparison of Head Weight and Other 
Horticulture Traits over the Environments
Location, Season, Management System Overall
Results across all S, L, and M system trials for Oregon 
showed a significantly higher overall head weight com-
pared with Maine trials (Fig. 1A). Mean head weight of 
broccoli cultivars in the fall trials was significantly higher 
than in the spring trials for all L, S, and M combinations 
(fall 397 g; spring 214 g), (Fig. 1B). In the fall, the mag-
nitude of the difference in head weight between Oregon 
(474 g) and Maine (321 g) were much larger than the dif-
ference in spring (Oregon 225 g versus Maine 202 g). 
Organically produced broccoli (head weight overall 315 
g) performed as well as conventionally produced broccoli 
(296 g) (Fig. 1C). Head weight across all organic trials had 
a wider range and greater variance among cultivars com-
pared with conventional trials. An overview of location 
and season mean head weight are presented in Fig. 1D.
Horticulture Trait Means
Head diameter demonstrated the same pattern as head 
weight with broccoli from Oregon Fall trials having sig-
nificantly larger head size than those from spring trials 
(Table 4). Days to maturity for broccoli cultivars grown 
in fall trials in Oregon (average 76 d) were significantly 
longer than in spring (average 58 d) trials, whereas in 
Maine the days to maturity for Fall (74 d) were compa-
rable with Oregon, while the results of the spring trials 
for Maine (91 d) were longer than Oregon. Bead size 
ranking for Fall trials averaged 5.2 compared with 6.4 
in spring trials in both locations, indicating larger beads 
were observed in Fall trials compared with spring in both 
locations and management systems. The same pattern was 
demonstrated for bead uniformity. Hollow stem had the 
highest incidence in Oregon fall, while Oregon spring 
and Maine trials were comparable. Plant height for broc-
coli cultivars grown in Oregon Fall trials were signifi-
cantly taller than the Oregon spring trials and Maine trials 
across seasons, which agrees with the Oregon Fall head 
weight results (Table 4).
Repeatability and Genetic Correlations: 
Organic versus Conventional
The repeatabilities for head weight, head diameter, hollow 
stem, and overall quality ratings were higher for organic 
compared with conventional across trials (Table 5). For 
maturity, head color, and head surface, repeatability levels 
in organic were equal or near equal to those in conven-
tional. For head shape, bead size, bead uniformity, and 
plant height, repeatabilities were higher in conventional 
compared with organic. The genetic correlations between 
organic and conventional for most traits were gener-
ally high, with the exception of bead uniformity, which 
showed the lowest genetic correlation (0.66). The ratio 
of correlated response to direct response for all traits was 
below 1, with the exception again of bead uniformity. 
When repeatabilities were calculated for F1 hybrids only, 
repeatabilities and correlated response were smaller in 
most cases, but the trends were similar (with the excep-
tion of overall and head diameter).
Comparison of Cultivar Rankings for Head 
Weight and Other Traits per Cultivar: 
Spearman’s Rank Correlation
We wanted to investigate the comparison between 
organic and conventional at the most fine-grained level, 
and looked at correlations between the genotypic means 
Figure 1. Comparison of broccoli cultivars for average head weight (g) grown (A) across all trials in two trial locations (Maine and Oregon, 
2006 to 2008); (B) between seasons (fall or spring) across trials (2006 to 2008); (C) between two management systems (organic versus 
conventional) across all trial locations and seasons (2006 to 2008), and (D) comparing performance in (Maine and Oregon) across both 
seasons (fall and spring) and management systems (conventional and organic) and years (2006 to 2008).
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Table 4. Trait means of plant and head characteristics of 23 broccoli cultivars grown across four pair combinations of location (Maine or 
Oregon), season (fall or spring) two-years combined, and management system (conventional [C] organic [O]), 2006–2008.
Trait†
Fall Spring
Overall  
trait meanC SE O SE C SE O SE
 ————————————————————————————————————————— Maine ————————————————————————————————————————— 
Head weight, g 303.9 d 4.6 335.9 e 5.2 203.4 ab 3.8 198.1 a 3.9 260.3
Head diameter, cm 11.6 c 0.1 12.8 e 0.1 12.2 d 0.1 12.0 d 0.1 12.1
Maturity, d 76.9 e 0.6 71.7 c 0.4 89.9 f 0.9 92.9 g 0.8 82.9
Head shape 5.4 b 0.1 4.9 a 0.1 5.4 c 0.1 5.4 b 0.1 5.3
Head surface 5.2 b 0.1 5.2 a 0.1 5.0 a 0.1 4.9 a 0.1 5.1
Head color 6.6 d 0.1 6.3 c 0.1 5.7 c 0.1 5.9 c 0.1 6.1
Bead size 5.2 a 0.1 5.3 de 0.1 6.5 de 0.1 6.7 e 0.1 5.9
Bead uniformity 6.4 e 0.1 6.2 de 0.1 6.0 c 0.1 6.0 c 0.1 6.1
Hollow stem 7.9 c 0.2 7.3 b 0.1 8.4 d 0.1 8.8 e 0.0 8.1
Plant height, cm 28.7 a 0.3 36.7 b 0.3 38.4 c 0.3 39.6 d 0.3 35.8
Overall quality 5.6 d 0.1 6.0 e 0.1 5.7 d 0.1 5.6 d 0.1 5.7
 ————————————————————————————————————————— Oregon ————————————————————————————————————————— 
Head weight, g 462.5 f 8.3 478.8 f 8.5 212.4 b 3.3 238.7 c 4.5 348.1
Head diameter, cm 14.6 f 0.2 14.8 f 0.2 10.5 a 0.1 10.8 b 0.1 12.7
Maturity, d 76.7 e 0.4 75.3 d 0.4 56.5 a 0.1 58.6 a 0.1 66.7
Head shape 4.8 a 0.1 4.7 a 0.1 5.3 b 0.1 5.2 b 0.1 5.0
Head surface 5.8 c 0.1 5.2 b 0.1 5.6 c 0.1 5.2 ab 0.1 5.4
Head color 4.8 a 0.1 5.1 ab 0.2 5.4 b 0.1 5.3 b 0.1 5.2
Bead size 5.0 a 0.2 5.7 b 0.2 6.3 cd 0.1 6.1 c 0.1 5.8
Bead uniformity 5.1 b 0.2 4.4 a 0.2 6.4 e 0.1 6.0 cd 0.1 5.5
Hollow stem 4.3 a 0.2 4.6 a 0.3 7.8 c 0.1 7.6 bc 0.2 6.1
Plant height, cm 72.7 g 0.7 70.2 g 1.3 44.6 e 0.4 48.1 f 0.4 58.9
Overall quality 5.2 c 0.1 4.9 bc 0.1 4.6 ab 0.1 4.3 a 0.1 4.7
† Maturity: days from transplant to harvest; head shape: 1–9 ranking with 1 = flat shape; 9 = high dome shape; head surface: 1–9 ranking with 1 = very uneven; 9 = smooth 
head; head color: 1–9 ranking with 1 = pale green; 9 = dark green; bead size: 1–9 ranking with 1 = large beads; 9 = small beads; bead uniformity: 1–9 ranking with 1 = not 
uniform; 9 = excellent uniformity; hollow stem: 1–9 ranking with 1 = many hollow stem; 9 = no hollow stem; overall quality: 1–9 ranking with 1 = poor overall performance; 
9 = excellent overall performance.
‡ Means followed by the same letter in the same row are not significantly different at the P < 0.05 level.
Table 5. Repeatabilities, genetic correlation (rA), and ratio of correlated response to direct response (CRorg/Rorg) for broccoli horticulture traits 
comparing organic (O) vs. conventional (C) management systems over all trial season and location combinations (all cultivars and F1 hybrids 
only), 2006 to 2008.
Trait†
All cultivars (F1s, OPs, and inbreds)‡ F1 hybrids only
Repeatability
rA§ CRorg/Rorg
Repeatability
rA CRorg/RorgC O C O
Head weight, g 0.78 0.85 0.91 0.87 0.60 0.68 0.73 0.69
Head diameter, cm 0.61 0.75 0.81 0.73 0.14 0.00 0.22  >1
Maturity, d 0.79 0.80 0.98 0.97 0.81 0.86 0.98 0.95
Head shape 0.47 0.37 0.73 0.83 0.72 0.69 0.87 0.89
Head surface 0.81 0.77 0.90 0.92 0.46 0.53 0.85 0.79
Head color 0.51 0.48 0.83 0.85 0.29 0.46 0.74 0.59
Bead size 0.77 0.67 0.82 0.88 0.69 0.64 0.71 0.73
Bead uniformity 0.24 0.03 0.66  >1 0.09 0.23 0.65 0.42
Hollow stem 0.40 0.57 0.84 0.70 0.49 0.67 0.88 0.75
Plant height, cm 0.77 0.69 0.93 0.98 0.72 0.65 0.95 0.99
Overall quality 0.72 0.77 0.89 0.86 0.17 0.48 0.63 0.38
† Maturity: days from transplant to harvest; head shape: 1–9 ranking with 1 = flat shape; 9 = high dome shape; head surface: 1–9 ranking with 1 = very uneven; 9 = smooth 
head; head color: 1–9 ranking with 1 = pale green; 9 = dark green; bead size: 1–9 ranking with 1 = large beads; 9 = small beads; bead uniformity: 1–9 ranking with 1 = not 
uniform; 9 = excellent uniformity; hollow stem: 1–9 ranking with 1 = many hollow stem; 9 = no hollow stem; overall quality: 1–9 ranking with 1 = poor overall performance; 
9 = excellent overall performance.
‡ F1 = hybrid, OP = open pollinated.
§ rA, average genetic correlation between conventional and organic production systems across locations.
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for the eight location by trialing period combinations. For 
head weight, conventional and organic genotypic means 
were highly correlated. However, when the F1 hybrid 
genotype class was analyzed separately (minus the OPs 
and inbred lines), most M pairs were not significant, indi-
cating change in rank between M in any given Y, L, or 
S. Genotype rank was significantly correlated between 
management systems in Maine spring 2008, and Oregon 
spring 2007 and 2008, but genotypic rank was not cor-
related in fall environments (Table 6).
We visualized the rank correlations of the individual 
cultivars between conventional and organic conditions at 
the location by season trial level in Table 7. The ranking 
of cultivars for head weight between locations and seasons 
differed by cultivar, cultivar type, and maturity classifica-
tion. Between the paired management system trials, some 
cultivars showed the same ranking, while others varied in 
rank. The OP cultivars consistently ranked at the bottom, 
while a group of F1 cultivars displayed the greatest head 
weight across management systems.
In the Maine trials, all cultivars from organic trials 
outperformed those grown in conventional trials for head 
weight. In the Fall trials, four of the five top-ranking 
cultivars were the same between the organic and con-
ventional trials (‘Packman’, ‘Fiesta’, ‘Everest’ and ‘Green 
Goliath’), see Table 7. ‘Green Magic’ was the top per-
forming cultivar in organic, but ranked 10th in conven-
tional, with a significant head weight difference between 
Management systems. In the Maine organic spring trials 
there were more rank changes. The top two performing 
cultivars (Fiesta and Green Magic) were the seventh and 
eighth ranked cultivars in conventional, while ‘Imperial’ 
ranked third in both systems. The best performing cul-
tivars under conventional (‘Marathon’, ‘Nutribud’, ‘Early 
Green’) did not perform comparatively well under organic 
(rank 11, 12, and 18, respectively)
The results for the Oregon Fall trials for head weight 
indicated that three of the five top performing varieties 
in both organic and conventional systems were the same: 
Green Magic, ‘Maximo’ and ‘Batavia’), see Table 7. All 
three cultivars produced higher yields in the organic trials 
compared with the conventionally paired trial. Imperial 
ranked No. 1 in conventional, while it ranked No. 6 in 
organic, and similar to the Maine trials, Marathon ranked 
high in Oregon organic (No. 4) and much lower (No. 
13) in conventional (significantly different than top two 
cultivars, Imperial and Green Magic), with a significant 
head weight difference in cultivar performance between 
management systems. Conventional 5th and 6th ranked 
cultivars, ‘Belstar’ and ‘B1 10’, dropped in rank to 9th and 
11th in organic, respectively (significantly different from 
Green Magic, but not other cultivars in organic).
Stability of Genotype Performance
The results of the stability analysis of a cultivars capacity 
to perform comparably across trial locations, and seasons 
in the different management systems for head weight indi-
cated that under both management systems, Belstar, Bata-
via, and Green Magic were similar across environments 
(Fig. 2A, 2B). ‘Arcadia’ was highly stable across organic 
trials (ranked 5th), but less stable across conventional trials 
(ranked 11th). Because we were interested in the broc-
coli cultivars that provide both an acceptable yield and 
displayed stability across environments, we combined the 
analysis of head weight ranking with stability across envi-
ronments, using 300 g as a minimum threshold for weight 
and 15 g2 as a maximum threshold for stability (Fig. 2A, 
2B). In that quadrant the cultivars Batavia, Belstar, and 
Green Magic had the highest combined stability and head 
weight across both management systems. In the top group 
of most productive and stable cultivars, B1 10 appeared in 
conventional trials (Fig. 2A), and Arcadia and Everest in 
the organic trials (Fig. 2B). The OP and inbred cultivars 
‘OSU OP’, Nutribud, Early Green (OPs), and USVL 048 
and 093 (inbreds) had the lowest head weight and least 
stability across trials. In the combined head weight and 
stability analysis, the F1 hybrid cultivar ‘Diplomat’ was in 
the bottom-performing group overall.
Correlation between Horticulture  
Traits and Grouping of Cultivars by 
Management System
Correlations among Horticulture Traits
The correlation analysis between genotypic means across 
trials, separately for organic and conventional manage-
ment system, shows that head weight was positively and 
highly correlated with head size, bead size, bead unifor-
mity (conventional only), and overall quality (Table 8). 
Conversely, head weight was negatively correlated with 
head color, but it was not significant. There was a signifi-
cant positive correlation for head shape and bead size in 
both systems. Overall quality was highly correlated across 
both management systems for head weight, head diam-
eter, bead uniformity, head surface, and bead uniformity, 
and in conventional systems for head shape and bead size.
Table 6. Spearman’s rank correlation for head weight between 
paired conventional and organic sites within a location, season, and 
year for the F1 hybrid subset (n = 18) of broccoli cultivars.
Year
Maine Oregon
Fall Spring Fall Spring
2006 0.51 0.42
2007 0.24 0.15 0.33 0.69***
2008 0.69*** 0.54*
* Significant at P < 0.05.
*** Significant at P < 0.001.
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DISCUSSION
Relative importance of Management System, 
Location, and Season
Overall, our trials demonstrated that location and season, 
not management system, are the largest source of envi-
ronmental variation in broccoli cultivar performance. The 
significantly higher broccoli head weight from the Oregon 
trials compared with the Maine trials in both seasons, as 
well as the overall higher broccoli head weight across 
all trials in the fall compared with the spring, supported 
these findings. Higher head weight overall in the Oregon 
field trials could be explained by the climatic differences 
Table 7. Ranking of average head weight (g) of 23 cultivars of broccoli grown under organic and conventional conditions in 
Maine and Oregon in two seasons (fall and spring) from 2006 to 2008.
Fall 2006–2007 Spring 2007–2008
Rank Conventional Organic Rank Rank Conventional Organic Rank
 ————————————————————————————————————————— Maine ————————————————————————————————————————— 
1 Packman 369.1 431.6 Green Magic* 1 1 Marathon 243.2 251.2 Fiesta 1
2 Fiesta 365.8 424.5 Packman 2 2 Nutribud 243.0 251.0 Green Magic 2
3 Everest 360.6 400.8 Fiesta 3 3 Imperial 240.6 247.1 Imperial 3
4 Green Goliath 353.2 398.6 Everest 4 4 Early Green 240.0 240.5 B1 10 4
5 Belstar 346.4 397.7 Green Goliath 5 5 Batavia 232.2 228.1 Belstar 5
6 Batavia 344.1 392.9 Batavia 6 6 Belstar 226.6 222.0 Batavia 6
7 Diplomat 335.9 368.4 Belstar 7 7 Fiesta 224.2 217.0 Arcadia 7
8 Patriot 334.6 367.7 B1 10 8 8 Green Magic 219.1 212.1 Gypsy 8
9 B1 10 324.9 361.7 Marathon 9 9 B1 10 218.7 207.4 Green Goliath 9
10 Green Magic 324.5 352.9 Maximo 10 10 Maximo 215.0 205.3 Maximo 10
11 Nutribud 316.6 352.8 Patron 11 11 Premium Crop 211.5 204.9 Marathon 11
12 Patron 309.2 333.6 Patriot 12 12 OSU OP 202.6 202.5 Nutribud 12
13 Marathon 302.1 332.8 Early Green 13 13 Patriot 200.3 201.7 Patriot 13
14 Maximo 291.9 324.9 Premium Crop 14 14 Green Goliath 199.1 195.3 OSU OP 14
15 Gypsy 272.6 322.0 Gypsy 15 15 Packman 190.3 191.1 Premium Crop 15
16 Premium Crop 270.8 317.6 Imperial 16 16 Beaumont 189.1 185.5 Beaumont 16
17 Early Green 264.8 307.5 Arcadia 17 17 Diplomat 187.5 180.0 Diplomat 17
18 Imperial 253.4 298.5 Nutribud 18 18 Everest 182.3 167.4 Early Green 18
19 Arcadia 252.4 288.5 Diplomat 19 19 Arcadia 180.5 167.1 Packman 19
20 USVL 093 232.2 265.5 USVL 048 20 20 Gypsy 177.6 166.3 Patron 20
21 OSU OP 211.7 258.0 Beaumont 21 21 Patron 163.9 157.0 Everest 21
22 USVL 048 200.3 219.3 USVL 093 22 22 USVL 093 156.5 146.8 USVL 048 22
23 Beaumont 110.7 218.3 OSU OP 23 23 USVL 048 139.0 103.3 USVL 093 23
 ————————————————————————————————————————— Oregon ————————————————————————————————————————— 
1 Imperial 604.6 685.8 Green Magic 1 1 Batavia 292.7 348.3 Batavia 1
2 Green Magic 585.4 636.4 Maximo 2 2 Green Goliath 271.9 321.1 Green Goliath 2
3 Maximo 580.7 624.9 Batavia 3 3 Belstar 270.2 311.2 Maximo 3
4 Batavia 571.6 608.0 Marathon* 4 4 B1 10 265.2 308.6 Marathon 4
5 B1 10 554.4 565.7 Patron 5 5 Maximo 264.8 305.0 Fiesta 5
6 Belstar 552.8 561.1 Imperial 6 6 Imperial 259.8 300.9 Gypsy 6
7 Green Goliath 535.5 559.5 Green Goliath 7 7 Fiesta 241.0 299.3 Patron 7
8 Everest 522.2 538.8 B1 10 8 8 USVL 048 240.0 290.5 Patriot 8
9 Patron 521.7 526.6 Belstar 9 9 Patron 235.2 290.0 B1 10 9
10 Arcadia 499.6 517.7 Beaumont 10 10 Gypsy 231.5 289.2 Green Magic 10
11 Gypsy 493.7 516.7 Gypsy 11 11 Patriot 218.5 284.7 Belstar 11
12 Diplomat 490.7 494.5 Everest 12 12 Marathon 217.2 235.4 Arcadia 12
13 Marathon 480.0 486.2 Packman 13 13 Beaumont 216.2 223.9 Premium Crop 13
14 Fiesta 474.8 485.5 Fiesta 14 14 Arcadia 211.0 221.1 USVL 048 14
15 Patriot 459.2 481.3 Arcadia 15 15 Green Magic 202.6 220.0 Imperial 15
16 Beaumont 449.4 467.6 Patriot 16 16 Premium Crop 197.2 208.7 Diplomat 16
17 Packman 421.7 430.8 Premium Crop 17 17 Everest 191.8 198.5 Packman 17
18 Premium Crop 390.9 428.6 Diplomat 18 18 Nutribud 176.3 195.0 Beaumont 18
19 USVL 048 380.6 357.8 USVL 048 19 19 Diplomat 169.6 162.0 Everest 19
20 Nutribud 343.9 302.8 Early Green 20 20 Packman 151.3 138.9 Nutribud 20
21 OSU OP 265.4 267.6 Nutribud 21 21 Early Green 146.2 127.4 Early Green 2
22 Early Green 242.3 217.4 USVL 093 22 22 OSU OP 111.1 107.5 USVL 093 22
23 USVL 093 235.1 213.5 OSU OP 23 23 USVL 093 104.1 106.6 OSU OP 23
* Significant at the P < 0.05 level.
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between Oregon and Maine, with Oregon having more 
GDDs than Maine in both fall season trial years (Table 
2). For many traits, management system contributed only 
to variation at the three- and four-way interaction level, 
and these interactions constituted a large portion of the 
total variance in the model. Thus, genotype by manage-
ment systems interactions did occur, but there were no 
overarching effects of management system apparent across 
locations and seasons.
One of the reasons for only the small magnitude of 
the management system relative to other environmental 
factors on head weight could be the fact that, on aver-
age over all trials, this trait did not significantly differ 
when cultivars were grown under organic and conven-
tional conditions, even though variances differed. This is 
in contrast with much of the literature (e.g., de Ponti et al., 
2012; Seufert et al., 2012) who, after reviewing compara-
tive studies, concluded overall that organic yields were on 
average lower (reduction of 5 to 34%) compared with con-
ventional. Their reviews suggested that, when farms have 
been managed organically over a long period of time with 
consistent soil building practices, soil fertility increases 
due to higher levels of organic matter and improved 
water holding capacity and increased POM, can produce 
higher or comparable yields to conventionally produced 
crops. When comparing the soil quality of the Oregon 
and Maine trial locations, the soils at both of the conven-
tional trial sites had higher levels of immediately available 
N compared with the organic sites at the time of trial 
implementation, but had lower POM levels, indicat-
ing that their long-term available N was less compared 
with the organic sites (Table 2). Our results in Oregon 
and Maine demonstrated that organic is not per se lower 
yielding compared with conventional. Broccoli grown 
under organic conditions in the spring, however, may be 
at more of a disadvantage due to slower N mineralization 
rates under cooler temperatures resulting in lower yields 
than conventional. This was shown in trials in Oregon 
where there were 100 fewer GDD in Spring 2008 com-
pared with 2007, and where organic yields were lower 
than under conventional conditions (Table 2).
Despite comparable mean head weights between 
organic and conventional growing conditions, the over-
all range in head weight across cultivars was greater in 
Figure 2. Broccoli cultivar (in)stability, expressed as the cultivar variance (g2), plotted against mean head weight (g) across trials in Oregon 
and Maine, across seasons (fall and spring), 2006 to 2008. (A) Conventional, and (B) organic management systems.
Table 8. Genetic correlation of broccoli horticulture traits across organic and conventional trials (upper right of diagonal, organic; lower left 
of diagonal, conventional).
Head 
weight
Head 
diameter
Hollow 
stem Maturity
Head 
color
Head 
shape
Bead  
size
Bead 
uniformity
Head 
surface
Plant 
height
Overall 
quality
Head weight 0.83 –0.18† 0.30 –0.25 0.32 0.49 0.38 0.17 0.32 0.74
Head diameter 0.76 –0.16 –0.10 –0.20 –0.12 0.33 0.31 –0.09 0.54 0.73
Hollow stem –0.09 –0.05 0.01 –0.02 0.20 –0.01 0.12 0.07 –0.21 –0.03
Maturity 0.39 –0.06 0.16 –0.28 0.60 0.61 –0.09 0.07 –0.22 –0.04
Head color –0.31 –0.26 –0.32 –0.29 0.15 0.02 0.29 0.15 0.32 0.16
Head shape 0.42 –0.08 0.22 0.65 0.12 0.54 0.39 0.61 –0.10 0.37
Bead size 0.66 0.29 0.10 0.66 –0.25 0.64 0.30 –0.04 0.13 0.39
Bead uniformity 0.46 0.46 –0.16 –0.16 0.06 0.12 0.35 0.42 0.32 0.73
Head surface 0.13 –0.02 0.25 0.11 0.33 0.59 0.05 0.25 0.14 0.42
Plant height 0.19 0.41 –0.30 –0.24 0.35 –0.11 0.12 0.64 0.09 0.63
Overall quality 0.64 0.55 –0.10 0.09 0.21 0.46 0.53 0.69 0.52 0.61
†Values £ |0.40| are not significantly different from zero at the P < 0.05 level.
1550 www.crops.org crop science, vol. 54, july–august 2014
organic than conventional across all trials, (Fig. 1C) which 
represents a larger variance in organic compared with 
conventional. This difference in head weight variance was 
even more pronounced in the fall trials compared with 
the spring trials (Fig. 1D). Ceccarelli (1994, 1996), in dis-
cussing barley (Hordeum vulgare L.) breeding for marginal, 
low input, and drought-prone environments indicated 
that such environments can be heterogeneous, and genetic 
variance can be greater compared with more homogeneous 
high input low stressed environments, and that by breed-
ing solely under high input conditions, an opportunity to 
exploit genetic differences at lower input levels can be lost. 
While our organic trial locations were not necessarily rep-
resentative of the type of abiotic stresses described by Cec-
carelli, the locations did exhibit the unique stresses of an 
organically managed heterogeneous environment. Such 
characteristics that define an organic management system 
and were representative of our broccoli trials included 
slow release of nutrients, plant defense against insect pre-
dation (e.g., flea beetles and aphids) without insecticides, 
and the additional weed pressure typically found in an 
organic management system without the use of synthetic 
herbicides. Ceccarelli proposes also that the environment 
of selection affects the pattern of responses of genotypes 
to varying environmental conditions. Repeated cycles of 
selection in a given type of environment will reduce the 
frequency of lines specifically adapted to other environ-
ments. Most of the cultivars evaluated in our trials were 
commercial F1 hybrids originally selected for and used in 
high input conventional agriculture systems, while the 
remainder were OPs selected under organic or low input 
conditions and inbreds selected in South Carolina. The 
combination of F1 hybrids and OPs in the same trial may 
explain the broader range of variation observed for geno-
type performance when grown under organic conditions. 
Another aspect to be taken into account is that, if hybrids 
alone are considered, the range of variation is narrowed, 
as demonstrated in Table 6.
Our third major finding related to management 
system is that only at the three- and four-way interac-
tion level did management system play a significant role. 
As such, it appeared that under our trial conditions, there 
were G × M interactions within each trial combination, 
but that organic management did not have a large impact 
on a seasonal or regional basis. In other words, there do 
not appear to be factors associated with organic systems 
that transcend regions and seasons, rather, each environ-
ment is different, and differences between organic and 
conventional systems are apparent on a local trial level. 
This observation is supported by the fact that when data 
were analyzed within region and season, most paired trials 
at the individual location, season, and year level had G ´ 
M system interactions.
Cultivar Ranking and Stability  
in Management Systems
Our trial results demonstrated that, across all locations and 
seasons, overall cultivar rankings were comparable (with 
some exceptions) for head weight between organic and 
conventional trials. Østergård et al. (2005) proposed that 
not only yield as such, but also yield stability across years 
and seasons are important breeding objectives for organic 
conditions. Batavia, Belstar, and Green Magic had the 
highest combined head weight and head weight stability in 
both management systems, while Arcadia was one of the 
top-performing cultivars in organic, but not in conven-
tional trials. Not all cultivars that performed well in head 
weight were stable, such as Maximo. These examples dem-
onstrate that some cultivars may be more tolerant to abiotic 
and biotic stress than others, and therefore more suitable for 
organic management systems. A strong positive correlation 
of top-performing cultivars between management systems 
was also found by Burger et al. (2008) for maize, who rec-
ommended as a result of these findings that cultivar per-
formance under conventional conditions could provide a 
good prediction for the average cultivar performance under 
organic conditions in a breeding program. They also rec-
ommended that the use of organic test sites would increase 
the chances of identifying broadly adapted genotypes when 
aiming at cultivars for both systems.
To further examine the question of whether differ-
ences in ranking at the individual paired conventional and 
organic sites were significant, we performed Spearman’s 
rank correlation on cultivar performance between paired 
conventional and organic environments. Correlation coef-
ficients were large and statistically significant, as would 
be expected when mean genotype ranking was similar 
between management systems (data not shown). How-
ever, when correlation was performed on F1s only (leav-
ing out the inherently lower-yielding OPs and inbreds), 
significant correlation was observed in the trial combina-
tions for Maine spring 2008, and Oregon spring 2007 and 
2008, but not the other five trial combinations (Table 6). 
It is apparent that the significant correlations observed on 
the full set of cultivars was a function of hybrids always 
being higher-yielding than OPs and inbreds, but a much 
weaker association was revealed within the hybrid sub-
group. The weak correlation among hybrids is in agree-
ment with the crossover interaction that was observed at a 
local level between management systems described above 
(Table 7). Przystalski et al. (2008) analyzed performance 
of cereals grown under organic and conventional systems 
in multiple locations, and determined that despite high 
overall genetic correlation for yield and associated traits, 
there were exceptions on the individual cultivar ranking 
level that could be relevant to the selection process. For 
example, a cultivar that produced an average yield under 
conventional conditions could perform among the top 
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under organic conditions due to better weed competitive 
ability. In order not to overlook the best performing cul-
tivars for organic management systems, they advised com-
bining the cultivar ranking results from trials from both 
management systems (see also Reid et al., 2009, 2011).
In our trials, the OP cultivars were the lowest yield-
ing and least stable across all trials. The small group of 
OPs in our trials tended to be early maturing and demon-
strated a narrow harvest window at prime quality, which 
could have contributed to their lack of resilience to envi-
ronmental variation. Duvick (2009) found that the het-
erosis in maize hybrids contributed to their overall vigor 
under stress conditions. However, the research of Cecca-
relli (1996) and Pswarayi et al. (2008) in the case of barley 
indicated that modern cultivars were adapted to low stress, 
high-yielding environments and did not always perform 
favorably in higher stress, marginal conditions. In the case 
of our trials, however, the organic management condi-
tions were not necessarily low-input stress conditions in 
the strictest sense, as mean head weights were comparable 
with conventional, and therefore high-ranking hybrids 
were shared across environments, with the exception of 
some that dropped their high ranking under organic con-
ditions. We therefore must stress that we anticipate that 
results could be different when growing conditions are 
less favorable for crop growth.
Repeatability as Affected  
by Management Systems
Lammerts van Bueren et al. (2002) described organic 
growing conditions as heterogeneous and sometimes 
lower-input environments compared with convention-
ally managed production environments where high levels 
of readily available N can mask variation in soil qual-
ity conditions. Higher variability in growing conditions 
under organic conditions may cause increased macro- and 
micro-environmental variance relative to the genotypic 
component, and result in lower heritabilities compared 
with more controlled conditions in high-input conven-
tional farming conditions. In the present study, we were 
able to estimate the proportion of the genotypic variance 
relative to phenotypic variance, but because we did not 
have a genetically structured breeding population, could 
only estimate repeatability rather than broad sense herita-
bility. The argument commonly used to support selecting 
in optimal environments is that heritabilities are higher 
in high input environments compared with poor envi-
ronments (Ceccarelli, 1994, 1996). In our trials, repeat-
abilities for head weight, head diameter, hollow stem, and 
overall quality were higher for organic compared with 
conventional, while for the traits of maturity, head color, 
and head surface, repeatability levels between manage-
ment systems were equal or near equal. It is recognized 
that these coefficients combine additive and nonadditive 
genetic variance, and it would be anticipated that they 
would be much lower if the additive component was par-
titioned out. For the traits of head shape, bead size, and 
bead uniformity, repeatabilities were higher in conven-
tional compared with organic, which could be explained 
by a more variable organic management environment. 
The traits with repeatabilities larger or equal in organic 
systems were those generally associated with growth and 
productivity, and probably under similar genetic con-
trol, whereas those with repeatibilities lower in organic 
compared with conventional are probably under separate 
genetic control. Higher heritabilities under organic con-
ditions were also found by Burger et al. (2008) and Gold-
stein et al. (2012) for maize and for faba bean (Vicia faba L.; 
Link and Ghaouti, 2012). They supported their findings 
with the following justifications, which can also explain 
our results: (i) with heterogeneous soils found in organic 
management systems, the precision of experiments may 
be more impaired under stress (slow nutrient release) than 
under conventional high input conditions; (ii) genetic 
variance may be greater under stress conditions than 
nonstress conditions, and (iii) the high genetic variance 
in organic trials compensated for the high experimental 
error which produced comparable heritabilities between 
organic and conventional trials.
Trait repeatabilities alone are not sufficient to deter-
mine the optimum selection environment. Both estimates 
of genetic variance and repeatabilities are useful in predict-
ing the response to selection in organic and conventional 
management systems. Estimates of the genetic correlation 
between performance of traits in the organic and conven-
tional management systems is an indicator for the extent 
of G × M interaction. In our broccoli trials, the genetic 
correlations between organic and conventional trials for the 
traits head weight, maturity, head shape, and plant height 
were high (>0.90), indicating that a differential response of 
the genotypes to the two management systems was largely 
absent. The ratio of correlated response to direct response 
for all traits was close to but below 1.0, with the exception 
of bead uniformity. This would imply that, in most cases, 
selection directly in an organic environment could result in 
more rapid genetic gain than indirect selection in a conven-
tional environment, but because most repeatabilities were 
close to 1.0, indirect selection in a conventional environ-
ment would be nearly as effective as direct selection in an 
organic system. Also in our trials, we found larger genetic 
variances (broader minimum-maximum ranges) compared 
with results under conventional management.
Breeding Broccoli for Organic Systems
Determining whether broccoli cultivar development 
could better take place under organic or conventional 
management systems to develop cultivars optimized for 
organic agriculture is a complex proposition. Breeding in 
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the target environment is most effective for organic sys-
tems, where G × E interaction, genetic diversity, and trait 
heritability are all taken into account (see e.g., Wolfe et 
al., 2008). Driven by the need for efficiency, commer-
cial broccoli breeders often aim to reduce G × E interac-
tions by selecting cultivars that are broadly adapted to the 
range of their target environments. However, from our 
data, location and season and their interactions were the 
primary sources of variation identified for broccoli head 
weight and the other horticultural traits studied. This is 
supported by our observations that the general location- 
and season-specific trend for head weight interacted with 
the cultivar’s maturity class designation, where mid-to-
late season cultivars were the highest ranking in Oregon 
in the fall, while in Maine early to midseason cultivars 
were the highest ranking. In the spring, best-performing 
cultivars in both Maine and Oregon were in the mid- to 
late-season maturing class. When comparing cultivar per-
formance between seasons and locations, we observed that 
the best performing early to midseason cultivars in spring 
trials and the mid- to late-season cultivars in fall trials for 
Oregon were a different group of cultivars than those in 
Maine of the same maturity class.
Greater heterogeneity in organic management sys-
tems and G × M crossover interaction observed on a local 
scale supports the idea that direct selection (under organic 
management) of cultivars for organic agriculture would 
benefit from evaluation in organic systems, particularly if 
the intent of the breeder is to develop cultivars that sup-
port local adaptation. Annicchiarico et al. (2012) found 
that the performance of lucerne (Medicago sativa L.) popu-
lations bred in the location of intended use were better 
performers on organic farms in northern Italy compared 
with cultivars that were bred outside of the intended 
region. Annicchiarico et al. (2010) also found that, when 
comparing G × M to G × L, the effect of wheat selected 
for a specific bioregion outweighed the effect of breed-
ing for management system for direct selection of yield. 
Specific to broccoli, Crisp and Gray (1984) reported that, 
to develop cultivars for a specific season, populations from 
different maturity groups should be used to take advan-
tage of high heritability in heading characteristics, head 
color, and time of maturity.
The stability between the organic and conventional 
trials across most trials, and comparable heritability 
between systems for most traits, would suggest that selec-
tion for broccoli for organic systems would best be per-
formed under organic conditions. Lorenzana and Bernardo 
(2008) suggest that breeding for adaptation to organic pro-
duction environments could be conducted under conven-
tional conditions due to high correlations, with the caveat 
that advanced breeding lines be tested under organic con-
ditions for less heritable traits such as yield. However, in 
our trials, there was significant crossover interaction at the 
individual trial level, as well as low rank correlation when 
genotypic classes were separated in the ranking analysis. 
Considering these findings (and without taking costs into 
account), a separate organic regional, seasonal breeding 
program for broccoli can be effective. This is further sup-
ported by the fact that the ratio of correlated response to 
direct response in our trials for most traits was close to but 
below 1.0, implying that selection directly in an organic 
environment could result in more rapid genetic gain than 
indirect selection in a conventional environment.
The large genotype variance observed in our organic 
trials relative to conventional trials indicated that the 
potential for breeding within an organic system may ben-
efit cultivar development for both management systems. 
Because organic management systems do not use syn-
thetic fertilizers and pesticides, the potential for a breeder 
to observe and select parent lines for N use efficiency, dis-
ease resistance, and vigor under organic systems may bring 
benefits to the breeding program. Because of the different 
management practices, locations, and seasonal differences 
in organic farming across the United States, such screen-
ing could provide additional information about breeding 
line performance, and support in determining which lines 
are most stable across environments and in organic condi-
tions. Burger et al. (2008) found with maize selection, that 
trialing advanced lines under conventional management 
after determining superior lines selected in organic sys-
tems could also enhance conventional breeding, as lines 
that tolerate stress in an organic management system may 
carry this performance over to stress conditions that can 
also occur under conventional systems.
We want to stress that our study included predomi-
nantly modern broccoli cultivars selected for broad adapt-
ability in conventional production systems, which does 
not fully show the potential of selection in breeding popu-
lations under organic management. Kirk et al. (2012) and 
Reid et al. (2011) both reported that direct selection in 
organically managed field conditions for genotypes tar-
geted for organic agriculture offered advantages over indi-
rect selection in conventionally managed field conditions 
for spring wheat because they found that breeding popula-
tions selected in organic environments had higher yields 
when grown organically, compared with conventionally 
selected populations that did not perform comparatively 
well. We therefore recommend that, for further studies, 
early generation broccoli breeding lines, and/or popula-
tions be compared to attain a better prediction of genetic 
correlations for organic, and to explore potential genetic 
changes that may occur when broccoli breeding lines are 
bred in the target environment from inception.
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